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Abstract
Major ice jams on the Salmon River have reached Salmon, Idaho, and resulted
in major flood damage during 16 winters since the winter of 1936-37. Two
recent ice jams, in February 1982 and January 1984, caused flooding that
resulted in damages of $1 million and $1.8 million respectively. A detailed
analysis of the winter air temperature records from 1936-37 through 1991-92
revealed a strong relationship between the duration and intensity of severe cold
periods, the air temperature record prior to the severe cold periods, and the
occurrence of ice jams reaching the city of Salmon that result in flooding. A
threshold condition is identified from which the probability of ice jams reaching
the city can be determined from inspection of forecasted air temperatures. It was
found that once an ice jam reaches the city, average daily air temperatures of
approximately 180F are necessary to keep the jam in place. While the effects of
discharge on ice thickness, and therefore ice jam length, are significant, no
relation could be found in this study. An ice control structure located upstream
of the city of Salmon appears to be helping alleviate ice-jam flooding.

Cover: Ice on the Salmon River, Idaho.

For conversion of SI metric units to U.S./British customary units of measurement
consult ASTM Standard E380, Metric Practice Guide, published by the
American Society for Testing and Materials, 1916 Race St., Philadelphia, Pa.
19103.
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Effects of Severe Freezing Periods and Discharge on
the Formation of Ice Jams at Salmon, Idaho

JON E. ZUFELT AND MICHAEL A. BILELLO

INTRODUCTION

The city of Salmon, Idaho, has been plagued by ice-
jam flooding from the Salmon River. At least 33 ice-
related floods have occurred since 1899. Two recent ice RM235 North Fork
jams, in February 1982 and January 1984, caused flood- DeadwRter "0.R

RM2 0 RM J1
ing that resulted in damages of $1 million and $1.8 24 h

million respectively (Zufelt 1987). While there is minor 2RM245

flooding damage downstream of Salmon, the majority of
the damage is caused within the city limits by flooding Fk RM250 Big Flat

along both the Salmon and Lemhi rivers (Fig. 1). so 01Area
The Salmon area is fairly dry, with less than 10 in. of Carrmen

precipitation per year, falling mostly as snow during the ID:oAo RM 255

winter and rain during spring. Aside from the melting of .Regional Salmn

the snowpack in the surrounding mountains in May and Area RM 26

June, the flow in the Salmon River is primarily from the
release of groundwater. As a result, the discharge during RM 265

the winter is fairly uniform, with minor increases caused
by winter rains or snowmelt during warmer periods, and MI C'tk

minor decreases attributable to severe cold periods. 6 Boom Site

Because of the groundwater flow and several warm RM270

water springs in the area, frazil ice does not appear in the
river until the mean daily air temperature, 0, falls to RM 275

approximately 20PF. As the air temperature decreases
further, larger volumes of frazil ice are produced, which RM 280

accumulate in an area known as Deadwater, about 30
miles downstream of the city, causing an ice jam to build 0o.0 RM 285 Location Mop

and progress upstream. When air temperatures are very RM: River Miles

low, the frazil ice is quite cohesive and nearly all of the
frazil reaching the upstream edge of the jam contributes.R 2

to its further progression. When the air temperature rises,
however, the frazil ice becomes less cohesive and the RM 295
"capture efficiency" of the jam is reduced, with much of Figure 1. Salmon River area of Idaho.
the frazil ice carried beneath the jam and transported
downstream. Thus, the jam progresses at the greatest ture rises above 20'F and at higher temperatures (even
rates during the severe cold periods because of the larger though below 32WF), the jam will recede. In winters that
volumes of frazil ice produced and its greater capture experience periods of severe subfreezing air tempera-
efficiency. Field observations have shown that the jam's tures, the ice jam can progress all the way upstream to the
progression is halted when the mean daily air tempera- city of Salmon, causing flooding.



Several studies have examined the flooding and dam- Table 1. Period of high stage (after U.S. Army Corps of
age at Salmon from these ice jams (U.S. Army Corps of Engineers 1986).
Engineers 1975, 1984, 1986; Cunningham and Calkins
1984; Earickson and Gooch 1986). These reports in- Duration

clude historical summaries of past floods and the associ- Jam year Start date End date (days)

ated financial losses in the region, as well as descriptions 1988-89 6 Feb 1989 10 Feb 1989 4
of the river system and its tributaries, hydrology and ice- 1984-85 4 Feb 1985 9 Feb 1985 5
jam characteristics. Methods forreducing the damage or 1993-84 24 Dec 1983 31 Dec 1983 7

controlling the buildup of ice on the river have been 1983-84 15 Jan 1984 18 Feb 1984 34
suggestedbyEaricksonandZufelt (1986),Zufelt (1987) 1981-82 7 Feb 1982 17 Feb 1982 10
and Axelson (1990). 1978-79 1 Jan 1979 24 Feb 1979 54a 1973-74 8 Jan 1974 15 Jan 1974 7

Earickson and Gooch (1986) and Zufelt (1986) dis- 1972-73 12 Dec 1972 23 Dec 1972 11
cuss the meteorological conditions associated with the 1972-73 8 Jan 1973 19 Jan 1973 11

ice jams that result in high stages at Salmon. Earickson 1971-72 3 Feb 1972 10 Feb 1972 7
and Gooch found that the number of freezing degree- 1962-63 20 Jan 1963 3 Feb 1963 14
days accumulated by the time the leading edge of a jam 1961-62 20 Jan 1962 13 Feb 1962 24

1956-57 27 Jan 1957 23 Feb 1957 27
reaches Salmon can vary widely and has little relation- 1955-56 3 Feb 1956 23 Feb 1956 20
ship to the total number of freezing degree-days re- 1949-50 4 Feb 1950 5 Feb 1950 1
corded during the entire winter. In other words, they 1948-49 29 Dec 1948 23 Feb 1949 56
found that while there is a general trend for ice jams to 1941-42 7 Jan 1942 13 Mar 1942 65

1936-37 9 Jan 1937 7 Mar 1937 57
reach Salmon in colder years, ice jams can also cause

flooding in seemingly mild winters, and that a much
stronger correlation exists between extreme cold periods
and ice-jam potential. All of the jams that they noted prior to 1936 are not considered here since the concur-
occurred during severe cold snaps when the mean daily rent daily air temperature data required for this study
air temperature fell below 15*F for several days. Their were not available. Since 1936, two winters have expe-
findings infer that the slope of the freezing degree-day rienced two separate periods of high stage (or two ice-
curve, or simply the mean daily air temperature during jam events). Also, no information exists for 1971-72,
these cold periods, serves as a much better indicator of other than a record of the fact that an ice jam h~d reached
ice-jamming potential than the total numberof Accumu- Salmon. From an inspection of discharge and air tem-
lated Freezing Degree-Days (AFDD). perature records and newspaper accounts, the likely

This apparent relationship between the major ice-jam period of high stage for the winter of 1971-72 was
events and intense cold periods of relatively short dura- estimated. The ice jams at Salmon from the winter of
tion was further investigated in this study. 1936-37 through the winter of 1991-92 are analyzed in

this study.

DATA SOURCES AND ANALYSIS Air temperature records
Daily minimum and maximum air temperature data

Ice jam flooding events listed by U.S. Army Corps of recorded at Salmon from October through March for the
Engineers (1986) were jams that were severe enough to wintersof 1936-37through 1991-92wereobtained.These
cause a noticeable rise in water surface at the U.S. data were used to calculate the mean daily air tempera-
Geological Service stream gage at Salmon, Idaho. These ture, 0, and the AFDD from the first day of sub-freezing 0
are shown in Table Iwith the corresponding dates of the after 1 October. A Freezing Degree-Day (FDD) is ob-
start and end of the period of high stage. Earickson and tained by subtracting the mean daily air temperature in
Gooch (1986) used only the date of the ice jam's peak degrees Fahrenheit from 32°F, e.g., 320 F - (-3°F) = 35
stage in their analysis. However, the date of the peak FDD.
stage does not necessarily coincide with the date that the Table 2 lists the starting date of sub-freezing air
ice jam initially reached Salmon. In this study, the temperatures, the maximum AFDD and its date, and, as
starting and ending dates of the high stage period were a measure of the winter's severity, the number of days
used, since the objective was to predict not only the for which 0 was below 0°F for all 56 winters.
arrival of the ice jam at Salmon but also the duration of
the problem. Air temperature curves

Ice jam records, dating back to 1899, recorded at least To determine if there were any general similarities
33 ice-jam flooding events. However, ice jam floods between the winters in which the leading edge of ice
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Table 2. Freezeup discharge and air temperature data for all 56 winters.

Start AFDD No. days Freezeup Q*
Year of freezing Max Date O< 0OF (fI3/s)

1936-37 2 Nov 1936 1628 27 Feb 1937 11 850
1937-38 30 Nov 1937 768 2 Mar 1938 0 750
1938-39 II Nov 1938 948 9 Mar 1939 1 825
1939-40 18 Dec 1939 768 24 Feb 1940 2 825
1940-41 9 Nov 1940 1086 21 Feb 1941 I 750
1941-42 19 Nov 1941 1543 21 Mar 1942 15 950
1942-43 19 Nov 1942 1458 23 Mar 1943 3 1050
1943-44 5 Dec 1943 1229 15 Mar 1944 6 975
1944-45 16 Nov 1944 895 7 Mar 1945 4 1000
1945-46 6 Nov 1945 970 24 Feb 1946 0 900
1946-47 20 Nov 1946 815 10 Feb 1947 2 1100
1947-48 14 Nov 1947 797 14 Feb 1948 0 875
1948-49 16 Nov 1948 2131 15 Feb 1949 29 1075
1949-50 3 Dec 1949 793 1I Feb 1950 2 850
1950-51 8 Nov 1950 1033 18 Mar 1951 6 875
1951-52 3 Dec 1951 !462 23 Mar 1952 1 1 150
1952-53 20 Nov 1952 554 7 Jan 1953 1 850
1953-54 2 Dec 1953 363 11 Feb 1954 0 1150
1954-55 28 Nov 1954 1345 27 Mar 1955 0 950
1955-56 11 Nov 1955 1214 16 Mar 1956 9 1000
1956-57 14 Nov 1956 1340 22 Feb 1957 10 925
1957-58 15 Nov 1957 776 15 Feb 1958 0 1000
1958-59 14 Nov 1958 571 14 Feb 1959 2 950
1959-60 4 Nov 1959 1487 13 Mar 1960 7 925
1960-61 27 Nov 1960 738 29 Jan 1961 0 850
1961-62 12 Nov 1961 1229 15 Mar 1962 8 850
1962-63 23 Nov 1962 696 31 Jan 1963 7 800
1963-64 21 Nov 1963 1293 25 Mar 1964 0 825
1964-65 12 Nov 1964 600 26 Mar 1965 2 925
1965--66 25 Nov 1965 579 9 Mar 1966 0 1100
1966-67 23 Nov 1966 375 24 Feb 1967 0 900
1967-68 25 Nov 1967 922 17 Feb 1968 0 1000
1968-69 13 Nov 1968 862 14 Mar 1969 1 900
1969-70 17 Nov 1969 500 13 Jan 1970 1 975
1970-71 21 Nov 1970 815 7 Mar 1971 4 950
1971-72 26 Nov 1971 1121 26 Feb 1972 7 1125
1972-73 20 Nov 1972 1090 24 Feb 1973 10 925
1973-74 20 Nov 1973 549 13 Jan 1974 1I 900
1974-75 28 Nov 1974 896 27 Feb 1975 2 1025
1975-76 17 Nov 1975 938 12 Mar 1976 1 1000
1976-77 26 Nov 1976 1093 10 Fcb 1977 5 1000
1977-78 17 Nov 1977 518 19 Feb 1978 I 900
1978-79 10 Nov 1978 1768 9 Jan 1979 18 800
1979-80 12 Nov 1979 722 17 Feb 1980 4 775
1980-81 13 Nov 1980 334 13 Feb 1981 0 1025
1981-82 26 Nov 1981 964 13 Feb 1982 7 725
1982-83 12 Nov 1982 573 9 Feb 1983 0 1000
1983-84 21 Nov 1983 1486 8 Mar 1984 10 1275
1984-85 22 Nov 1984 1530 16 Mar 1985 4 1175
1985-86 9 Nov 1985 1394 13 Feb 1986 2 1075
1986-87 30 Nov 1986 669 25 Jan 1987 0 1075
1987-88 18 Nov 1987 654 7 Feb 1988 I 750
1988-89 12 Nov 1988 1262 5 Mar 1989 8 800
1989-90 28 Nov 1989 405 20 Feb 1990 0 775
1990-91 27Nov 1990 1141 10Feb 1991 13 975
1991-92 28 Oct 1991 850 10 Feb 1992 0 850

= discharge.

3
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Figure 2. AFDD vs time plots for ice-jam winters of Figure 3. Comparison of AFDD vs time for the winters
1948-49, 1972-73 and 1973-74. of 1975-76 (no ice jam) and 1981-82 (ice jam).

jams reached Salmon, the AFDD were plotted against t1200 ' I I I I I I I I I I I I I I I I '

time for the winters listed in Table 1. Examples of these plum
plotsfor3ofthe 16 ice-jam winters are shown in Figure lowse I )

2. These curves reveal the variability in the air tempera-n I I i( i j
ture regime that can be expected at Salmon throughout ,, 800 _ 2 i
the winter. For example, the maximum AFDD for the -(-jm) to-,/ I I
ice-jam winters variedfromover2000(1948-49) toless W 6o0 I I I I n 2

than 500 (1973-74). Also, the beginning of the continu- II -1 I1 (lm)

ous period of freezing temperatures at Salmon startedas - 400 I I I I R 3

early as mid-November (1972-73), oras late as January I O"I I- (m)

(1973-74). It is also evident that the AFDD curve can be 200 I I I II
either gradual and smooth (1948-49), erratic with brief 8 I I I I I
mid-winter thaws (1972-73) or rapid and steep (1973- 0 0 I I I I I
74). -100

0 40 80 120 160 200
Since the three temperature regimes illustrated in Date (1 = October 1)

Figure 2, as well as the 13 additional winters listed in
Table 1, all resulted in ice jams reaching Salmon, it was Figure 4. Air temperature phases for 1971-72, which
necessary to analyze each of the air temperature records experienced a cold spell that did not produce an ice jam
in detail to see if a possible common feature existed followed by a cold spell that did produce an ice jam.
among them. It was also necess.w-y to examine the air
temperature records for the years in which there was no
ice jam at Salmon to identify differences between jam 1. Phase 1--the period from the start of continuous
and non-jam years. Figure 3 shows the plots of AFDD vs freezing air temperatures to the start of amajor cold snap,
time for 1975-76 (when there was no jam) and 1981-82 defined as aperiod when the minimum daily airtempera-
(when there was a jam). Differences in the air tempera- tures are 00F or lower.
ture regimes of these two winters are not very apparent 2. Phase 2-From the beginning of the major cold
from inspection of the AFDD vs time plots. Therefore, snap to the starting date of the reported high water stage
the air temperature records for each winter were ana- at Salmon, Idaho.
lyzed as described below. 3. Phase 3-The period between the start and end of

high stages at Salmon, Idaho.
Air temperature record analysis Winters that did not experience ice jams would not

Inspection of the air temperature records indicated contain a phase 3. The end of phase 2 for the winters
that the 16 ice-jam winters could be logically separated without ice jams was determined in a similar manner as
into the following consecutive chronological sections: the beginning of phase 2-when the minimum daily air

4



12001- I t. , ' ' , 'emperature rose above OF Not every winter (whether
' I-- I s T ] i I~Ph - ice jams were experienced or not) was separable into
1000 I -" I I only two or three distinct phases because some winters

- "experienced two or more severe cold periods.This re-
Sa - '[ I IP'-m " suited in multiple data sets for some winters. For ex-

-I I I I I I ample, a cold snap that did not result in an ice jam
Phane IA-eq k I I ! reaching Salmon was considered a non-jam data set,

I I I ̂  l I even if a second cold snap (in the same year) did result
I i _ -a 3 in a jam reaching Salmon. In such a case, the phase I of

E 40I I I I 28 the data set for the jam reaching Salmon included the
I[ -~2  cold snap of the data set for which there was no ice jam.

S200 1I II I This is illustrated in Figure 4 for the winter 1971-72.
I I I I I Also, two winters experienced two separate ice-jam

n I Iand related high-stage events. Each ice-jam event was
0 40 80 120 160 200 considered to be a separate ice-jam data set, with theDate (1 = October 1)

phase 1 including everything up to the cold snap that
Figure 5. Air temperature records for 1972-73, which resulted in high stages for that particular ice jam. Figure
experienced two separate ice jam events. 5 depicts the phases of both ice-jam events of 1972-73.

Table 3. Air temperature data sets.

Phase I Phase 2 Phase 3
Year No. days AFOD No. days AFOD No. days AFDD

1936-37 65 635 3 154 57 811
1937-38 56 466 6 156 - -

1938-39 90 630 3 79 - -

1939-40 64 224 5 155 - -

1940-41 53 465 4 114 - -

1940-41 53 465 13 306 - -
1941-42 37 141 13 387 65 981
1941-42 42 229 8 299 65 981
1942-43 36 264 3 74 - -
1942-43 45 354 II 251 - -

1942-43 59 624 3 106 - -

1943-44 18 21 9 207 - -

1943-44 43 500 10 277 - -
1944-45 36 323 7 218 - -

1945-46 37 200 7 149 - -
1945-46 80 605 5 96 - -

1946-47 41 145 8 209 - -

1946-47 51 386 iI 250 - -

1947-48 45 235 3 79 - -

1947-48 73 495 4 94 - -

1948-49 30 241 14 485 56 1364
1948-49 34 390 9 335 56 1364
1949-50 57 597 6 177 I II
1950-51 80 637 7 253 - -

1951-52 28 317 10 252 - -

1952-53 5 38 7 168 - -

1952-53 34 309 4 107 - -
1953-54 21 92 5 69 - -
1953-54 49 255 2 33 - -

1953-54 49 255 7 63 - -
1954-55 21 148 6 116 - -
1954-55 36 418 7 152 - -

1954-55 67 888 4 81 - -
1955-56 75 429 10 377 20 329
1956-57 68 628 13 391 27 317
1957-58 45 234 10 240 - -
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Table 3 (cont'd). Air temperature data sets.

Phase I Phase2 Phase 3
Year No. days AFDD No. days AFDD No. days AFDD

1958-59 49 246 4 118 - -
1959-60 70 572 9 301 - -
1959-460 114 1205 r 194 - -
196"-61 9 49 12 201 - -
1960-61 54 584 9 149 - -
1961--62 57 440 12 320 24 303
1962-63 48 160 Ii 311 14 217
1964-65 34 163 4 130 - -
1965-66 20 75 7 132 - -
1966-67 29 108 7 135 - -
1967-68 17 106 10 219 - -
1967-68 62 695 4 90 - -
1968-69 47 292 3 78 - -
1969-70 48 332 5 137 - -
1970-71 42 418 6 205 - -
1971-72 31 349 5 142 - -
1971-72 31 349 11 268 - -
1971-72 61 722 10 284 7 72
1972-73 14 96 9 304 11 104
1972-73 44 575 5 151 11 123
1973-74 41 73 9 315 7 120
1974-75 31 183 6 141 - -
1974-75 60 493 6 165 - -
1975-76 78 637 6 155 - -
1976-77 40 431 7 220 - -
1976-77 60 814 7 149 - -
1977-78 54 260 3 94 - -
1978-79 46 507 7 254 54 983
1979-80 75 359 6 201 - -
1980-81 89 291 2 43 - -
1981-82 70 636 4 152 10 149
1982-83 26 100 5 115 - -
1982-83 46 285 6 159 - -
1983-84 25 201 9 319 7 130
1983-84 55 827 7 258 34 292
1984-85 62 840 12 302 5 90
1984-85 68 954 6 188 5 90
1984-85 9 42 6 174 - -
1985-86 14 133 4 104 - -
1985-86 32 425 5 125 - -
1985-86 43 634 10 246 - -
1986-81 47 467 6 138 - -
1987-88 45 249 4 114 - -
1988-89 81 826 6 227 4 124
1989-90 78 327 2 34 - -
1990-91 22 114 7 295 - -
1990-91 32 466 9 283 - -
1990-91 54 832 3 74 - -
1990-91 63 1006 3 86 - -
1991-92 47 162 3 66 - -
1991-92 85 670 2 46 - -

Table 3 includes the data sets generated by the above the Lemhi River. These stages are convered to average
process. The year, number of days and AFDD for each daily discharge values and published by the USGS. The
phase are given (no phase 3 for non-jam data sets). gage is often affected by ice during the winter and

especially during ice jams, resulting in gaps in the stage
Discharge records and discharge records. The ice-affected stage can also be

The stage of the Salmon River is recorded by U.S. mistakenly interpreted as an increase in discharge and
Geological Survey stream gage 13302500 at the city of thus reported as such.
Salmon, just upstream of the Salmon's confluence with

6



The thickness of an icejam, and thus the stage, usually 20°F. While this temperature is not considered severe,
depends on discharge. Therefore, the average discharge significant amounts of ice could build over long periods
during the ice cover progression (or severe freezing of time. Thus, one would expect that a phase 1 lasting 70
period of phase 2) was of interest. One would normally days accompanied by 900 AFDD (or a mean daily air
expectahigheropenwaterdischargetoresultinagreater temperature of 19'F) could result in a considerable
open water width. The Salmon River valley is steep and amount of ice contributing to thejam progressing several
narrow, however, and an increase in discharge does not miles upstream. Conversely, a shorter or warmer phase
significantly increase the width (or area of open water) 1 might result in no jam progression at all. For these
nor consequently the amount of frazil ice generated. warmer first phases, phase 2 would have to be colder or
Therefore, in any given winter, a higher discharge may longer for an ice jam to reach Salmon. Therefore, while
result in a thicker jam and higher stages, but since the no direct relation exists between the length or severity of
total ice volume would be nearly constant, thejam might phase 1 and an ice jam reaching the city, phase 1 does
not progress as far upstream. Conceivably, the jam might influence the ice regime of the river.
not reach Salmon at a higher discharge when it would
have at a low discharge, and thus there would be no Phase 2
flooding in the city. Also, low discharges could result in The start of phase 2 was taken as the beginning of a
thinner jams that would cause a smaller stage increase severe cold spell when the minimum daily air tempera-
and only minor flooding. ture is at or below 0°F. F:or the years with ice jams, phase

The average discharge for the freezeup period in each 2 ended with the beginning of high water stages at the
ice-jam year was taken as the mean of the daily dis- Salmon USGS gage, signifying that the ice jam had
charges during the severe cold period prior to the time of reached the city. In many years, the severely low air
high stage at Salmon (or during phase 2). For the years temperatures lasted several days beyond the onset of
without ice jams, it was taken as the mean of the daily high water stages. This would indicate that the ice jam
discharges during the severe cold periods (again during progressed farther upstream of the city, as has been
phase 2). The average discharge values thus calculated corroborated by historic newspaper accounts. For the
are listed in Table 2. years without ice jams, there were no high water stages

and the end of phase 2 was identified as the time when the
minimum daily air temperature rose above 0°F. In either

RESULTS case, if there was a minor warming of the air temperature
(1 or 2 days) in the middle of a cold spell, it was included

As stated earlier, the objective of this study was to see as part of the cold spell. If the warming trend lasted any
if a relationship existed between major cold snaps and longer, however, the period was treated as two separate
ice jams reaching the city of Salmon. Such a relation cold spells. Phase 2 for the ice-jam years ranged from 3
couldbe useful in assessing the probability of an icejam to 14 days with 152 to 485 AFDD and for the years
reaching Salmon in any given year, based on the fore- without ice jams ranged from 2 to 13 days, accompanied
casted air temperatures. The effectiveness of proposed by 33 to 354 AFDD.
ice control measures might also be assessed through When a jam does occur, its progression is a function
such a relation. of many variables, some of which are unknown or

difficult to quantify. One of the most important variables
Phase I is the ice supply (volume of ice generated), which is

Phase I is the period from the start of continuous directly influenced by the intensity and duration of low
freezing air temperatures to the beginning of a severe air temperatures. This can be seen from the equation for
cold spell. For the years with ice jams, phase 1 ranged the volume of ice produced per unit time, Vi
from 14 to 81 days and experienced 73 to 954 AFDD. For
the years without icejams, phase 1 ranged from 5 to 114 Vi= hsAOAT (1)
days and had 21 to 1205 AFDD. No relation existed Pi Xf
between ice jams reaching the city and the phase 1
characteristics alone. where hs = heat transfer coefficient of water to air

Phase I could be considered the establishment of the A0 = area of open water
initial ice conditions, with ice being generated and AT = difference between the air temperature and
accumulated very slowly prior to the cold snap of phase the freezing point of water
2. As mentioned above, the ice jam accumulates and pi = density of ice
progresses when mean daily air temperatures fall below Xf = latent heat of fusion of water.

7



The data showed that the progression of the ice jam For eq 2 above, the , alue of C, is 4 for Figure 6a
depended heavily on the duration and severity of phase (AFDD I < 500) and 0 for Figure 6b (AFDDI > 500),
2, and also, but to a lesser extent, on the AFDD of phase indicating an offset of 4 days for the higher AFDD of
1, which represented the antecedent ice-jam conditions. phase 1. The relation fits the data points very well, with
A rather weak dependence on the freezeup discharge all the ice-jam events on or above the threshold value of
was expected owing to the fairly narrow range of dis- eq 2. For Figure 6a, two events without ice jams plot
charges experienced. Therefore, the variables of interest above the threshold value. These are for two separate
were, first, the duration of the severe low air tempera- severe coldperiods during the winter 1990-91 for which
tures of phase 2; second, the intensity of the severe cold the ice regime in the river was altered by an ice control
represented by the average daily freezing degree-days structure. This is discussed in a later section. For Figure
over phase 2; third, the antecedent ice-jam conditions 5b, three events without ice jams plot above the thresh-
represented by the AFDD of phase 1; and fourth, the old value; two are fortwo separate severe cold periods in
average freezeup discharge. 1959-60 and one for 1950-51. Two of these three points

The existing data were plotted as the average daily can be partially explained by the effects of freezeup
freezing degree-days over the period of severe low air discharge, but it is probable that an ice accumulation
temperatures of phase 2 vs the duration of phase 2. We formed in the river upstream of the city and reduced the
found that the data could be separated into two distinct ice supply to the Deadwater ice jam. Historic records
groups: those events with a phase 1 of less than 500 have indicated that ice covers do form upstream of the
AFDD and those with a phase 1 of greater than 500 city on rare occasions, but no dates are given.
AFDD. The corresponding plots are presented in Figure Figures 6a and 6b and eq 2, which separate ice jam
6. Shown on the figures is a limiting curve describing the events from events without ice jams at the city of
threshold conditions for an ice jam to reach the city. The Salmon, can be physically interpreted as follows. Once
function that best described this limiting curve for both the minimum daily air temperatue is 00 F or below and a
groups of data was found to be phase 2 cold spell has begun, the average daily freezing

degree days, FDD2, must be greater than 24.5, i.e., the

FDD2t = 24.5 + 34.83 exp [- 0.37 (T 2 - Co)] (2) average mean daily air temperature of phase 2, k2, must
remain below 7.5'F fora minimum number of days if the

where FDD2t = threshold value of the average daily ice jam is to progress as far as the city of Salmon. This
freezing degree-days of phase 2 minimum duration of phase 2 can be obtained from eq 2T2 = duration of phase 2 and can be expressed by

C. = coefficient describing the offset of the In 34.83 (3)
curve based on the AFDD of phase 1. "2 > C0 +2.7 7.5- :021
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Figure 6. Average daily freezing degree-days of phase 2 vs duration of phase 2.
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The dependence on the average mean daily air tempera- the three most important variables and provides a quick
ture during the cold spell, 02 , is attributed to lower air test of whether an ice jam might be expected to reach the
temperatures giving rise to greater production of frazil city in any given year.
ice and increased cohesion of that frazil ice, resulting in
a faster progression of the jam. Also, a greater AFDD I Phase 3
implies that the leading edge of the jam was further Phase 3 only occurred during the years when an ice
upstream at the onset of the cold spell, resulting in a jam reached the city. It was defined as the period be-
shorter distance to the city, i.e., a lower volume of frazil tween the beginning and end of high water stages at the
ice needs to be generated. For example, a cold spell with Salmon USGS gage. Information was not available on
a 02 = 0WF should last between 4 and 5 days if AFDD 1 the location of the leading edge (most upstream point) of
>500orbetween 8 and9daysifAFDD1 <500 for thejamn the ice jam during phase 3 for every event. The ice jam
to reach the city of Salmon. may have progressed several miles upstream of the city

The two values of Co for the data in Figures 6a and 6b or possibly only several hundred yards. Higher air tem-
correspond to average values of AFDDI of 250 and 750 peratures would cause the jam to recede and reduce
respectively. A general form of C, was then assumed to water levels at the gage. The object of the phase 3
be analysis was to determine the intensity and duration of

low air temperatures that would cause the ice jam and the
C 750-AFDDI for AFDD1 _< 750 subsequent high water stages to persist. Also, if an ice

125 (4) jam had reached the city, it would be possible to forecast
C0 = 0 for AFDDI >t 750 the necessary warming trend that would cause it to

recede.
The actual and threshold values of FDD2 were computed Phase 3 ranged from 1 to 65 days accompanied by 11
for all the data points using eq 2 and 4 and are plotted in to 1365 AFDD. The air temperature pattern of phase 3
Figure 7 along with an equality line. The zone above the varied widely, especially for the years with a long phase
equality line should indicate years in which an ice jam 3. Some years showed a gradual warming trend, while
reached the city, below the line indicating years in which others showed warming followed by severe cold periods
one didn't. The relation fits the data points well, with and sudden warming. As stated previously, the severe
most of the outliers being the sane data points as those cold spell lasted several days into phase 3 for many of the
mentioned above. The two ice-jam events that lie below winters.
the line are the second ice jams of 1973 and 1984, when The mean daily FDD for all the jam years during phase
significant precursor ice existed from the first ice jam of 3 was 14 with a standarddeviation of 3. This corresponds
those years. This form of the threshold relation includes toamean daily airtemperature of 18°F to sustain thejam

and high-water stages in the city. This value is close to
field observations of a mean daily air temperature of
20'F or less for the jam to progress.

c 60

SA Jam Effects of discharge" o No Jam
C. 5 N Many researchers have presented formulae for the
16 5equilibrium thickness of an ice jam-the ice thickness

that would be expected in a uniform channel under
W0 steady flow conditions. An adaptation of the formula40 AA given by Ashton (1986) is

a 0
4 30 0 _J (l-s i) gpigt2 - pigSBt+2Cit-'rB =0 (5)

0 000 0_ 0 where si = specific gravity of ice
S 20 0 0 0 o -o = coefficient based on the porosity and angle

0 00 -1 of internal friction that describes the internal
0 60 strength of the cover

0 20 30 40 50 60 pi =density of iceThreshold Value of Average Daily Freezing Degree-days g = gravitational acceleration

t= cover thickness
Figure 7. Actual vs threshold values of average daily S = energy slope
freezing degree-days for phase 2. B = top width
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Ci = cohesive intercept of the Mohr-Coulomb 4 60
relation

= shear stress on the underside of the cover. • 50

Equation 5 represents the force balance on a unit length 91
of ice cover. The first and third terms represent the inter- 4
nal and cohesive forces, respectively, resisting down-
stream movement. The second and fourth terms repre- 30 ,
sent the downstream component of the weight of the .• 92 92

. 92cover and the shear on the underside of the cover respec- 0 0
tively. u_ 0 90

One can see from eq 5 that as discharge or velocity "1
increases, the shear on the cover increases, requiring the
cover to collapse and thicken to resist downstream
movement.Thus,foraconstantvolumeoficegenerated, 0 ' I i I 8 I i I I I I i I I

a higher discharge will produce a thicker and therefore Duration (days)
shorter length of ice jam. For steep, shallow rivers,
however, the jam thickness relies more on slope and Figure 8. Threshold condition for ice jams to reach
width than on discharge. One can also see from eq 5 that Salmon plotted with winters of 1989-90 through 1991-
cohesion is important in determining the thickness of an 92 when the ice control structure was in place.
ice cover. Colder air results in a higher value of cohesion
and consequently a thinner ice cover. Attempts have
been made to measure the cohesive intercept in the
laboratory and field values have been inferred from other
measurements of ice jams that have frozen in place. The Equation 7 can be used to determine the effects of an
interaction of cohesion, air temperature and discharge is increase in discharge on jam thickness. Using average
very complex and has not yet been sufficiently ex- values of B and S for the Deadwaterto Salmon reach and
plained. Most investigations dealing with ice-jam thick- solving Manning's equation for Ri, we can show that in
ness simply treat the jam as cohesionless, which appears the range of discharges experienced for phase 2, a 50%
to be valid for breakup type ice jams. The Salmon River increase in discharge translates to only a 4% increase in
ice jam, however, is a freezeup jam and cohesion is jam thickness. Therefore, the theoretical importance of
important. discharge is minor. The data were examined to find jam

The discharge values given in Table 2 are the freezeup and non-jam events that experienced similar phase 2
values--the average discharge during phase 2. These intensities and durations such that the freezeup dis-
values range from 725 to 1275 fta/s for the years in which charges could be compared. For example, the jam event
an ice jam progressed to the city of Salmon. The dis- of 1979 and the non-jam event of 1951 experienced
charges during this phase in the years having no icejams almost identical phase 2 conditions. The freezeup dis-
also fall within this range, providing no simple explana- charge of 1979 was 800 ft3/s while that of 1951 was 875
tion of the effect of discharge. Since phase 2 is the period ft3/s. While this comparison supports the hypothesis that
of severe cold, cohesion is also important in determining higher freezeup discharges result in thicker ice jams that
the thickness of the jam as it progresses. Zufelt (1990) would not progress as far, other sets ofjam and non-jam
provides a solution of eq 5 for the case of a cohesionless data show the opposite. The problem of comparing the
jam by substituting data arises from differences in the AFDDI and the

cohesion value during phase 2. While the cold of phase
"= pgRiS (6) 2 would result in cohesion, the function of air tempera-

ture and cohesion is not linear. Thus, a comparison of
where p is the density of water and Ri is the hydraulic events that have the same duration and AFDD of phase
radius of the ice affected portion of the flow area. Ice jam 2 may not be valid because of the variation in mean daily
thickness is given as air temperature within this phase. Since the effects of

freezeup discharge have been shown to be theoretically

t r 4Ri (1 _ s)jl i/2 (7 minor andother factors suchascohesion andtheAFDD1
-= BS 1 + 1 + . (7) are highly variable, no relation between discharge and
2 (1 - sJ) I si BS J ice jams reaching the city could be found.
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SALMON RIVER ICE CONTROL temperature record. The analysis of the historical winter
air temperatures and record of ice jams has shown that

Several reports such as Cunningham and Calkins there is a relationship between the intensity and duration
(1984) or Earickson and Zufelt (1986) have suggested of severe cold, the air temperature record prior to the
that locating an ice control structure upstream of Salmon severe cold periods and ice jams reaching the city. The
could catch frazil ice floating down the river and reduce function that describes the threshold condition can be
the supply of ice that contributes to the Deadwater ice used with temperature forecasts to determine if an ice

jam. The U.S. Army Engineer District, Walla Walla, and jam will reach the city in any given year. The analysis
CRREL designed and installed an ice boom at river mile also showed that a mean daily air temperature of ap-
268.5, approximately 8.5 miles upstream of the city proximately 18'F is needed to retain an ice jam in place
center. The boom-described in a report by Axelson once it has reached the city. The theoretical importance
(1990)--was deployed during the winters 1989-90 of freezeup discharge on the thickness and consequently
through 1991-92. The object of the ice boom was to the length of the ice jam is discussed, and is shown to
capture enough ice so that the Deadwater ice jam would have a very minor effect on the Salmon River. An ice
not reach the city during severe winters when it other- boom placed upstream of the city has prevented an ice
wise would. Thesc three winters provided a good test of jam from reaching the city during 1990-91 when it
the ice control concept. would have without the upstream ice control.

Figure 8 shows the function describing the threshold This technique should be applied to other rivers where
condition for ice jams reaching the city of Salmon in a freezeup ice jam builds through the winter and periodi-
Figure 6a. Also plotted are the severe cold periods (phase cally results in flooding, such as the Missouri River be-
2) of the winters of 1989-90 through 1991-92. The low several of the main stream dams. Field observations
winter of 1989-90 was not very severe at all, while the and measurements of ice jams should continue to deter-
winter of 1990-91 experienced two separate periods of mine the effects and values of cohesion in relation to air
severe cold. The winter of 1991-92 fell between these temperature. The ice boom at Salmon should be moni-
two extremes, with two short periods of severe cold. tored during future winters to verify its operation and
Figure 8 shows that an ice jam was not expected to reach effects.
the city during 1989-90 or 1991-92 but that an ice jam
should have reached the city on both occasions during
1990-91. Since an ice jam did not reach the city during LITERATURE CITED
1990-91, it would appear that the ice boom performed as
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